Interpretation of spectra from argon implosions containing neon tracer indicates plasma temperatures too high (200-300 eV) for efficient production of Ne-like ArIX transitions. Neon plasmas at selected gas pressures emit 2-3 ~J I of K-shell line radiation with good uniformity along the 4-cm interelectrode gap. Erforts towards source optimization are discussed. Replacing the gas puff with a capillary discharge source for sodium implosion experiments produced -30 GW of the 11 A He-a line from Na X I -INTRODUCTION High current pulsed discharges of exploded wires and gas puff columns, provide intense sources of keV x-ray and subkeV (XW) radiation.
Gas-puff implosions of neon driven by the 2-TW pulsed power generator (Gamble 11) at the Naval Research Laboratory have been studied. l2 Annular gas columns of argon, neon, or mixtures are imploded with 1.0-1.5 MA driving currents to produce 4-cm long 2-pinch implosions in the interelectrode gap. In this work, x-ray intensities, plasma parameters, uniformity of implosion, and the degree of ionization are evaluated with diagnostics which provide temporal, spatial, and spectral measurements.
This effort was directed towards producing a suitable XW laser gain medium by studying the plasma implosions obtained with Gamble I1 as the load parameters were varied. Two schemes for population inversion (in XW laser scenarios) are potentially achievable: excitation of neon-like argon for lasing at long wavelength (3p-3s at 460 A) ,l3 and coincidence photopumping of Ne IX by the 11 A line from NaX for lasing at 230
A (n=4 to 3 transitions) .l4
The Gamble I1 generator is configured with a gas puff valve and a supersonic nozzle, as shown in Fig. 1 in order to inject a hollow annular gas column across the 4-cm interelectrode gap. The 2.5 cm diameter gas puff nozzle is located on the machine axis and is surrounded by the return-current posts on the 7 cm diameter circle. Wire stretched across these posts serves as
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1986631 the anode. The gas is preionized with two W flashboards prior to current discharge. Normally, the driving current has a 70 ns risetime; however the risetime can be reduced to 20 ns with the use of a lasma erosion opening switch (PEOS) . l5 3 The PEOS consists of a low density plasma injected across the vacuum gap of the electrode assembly as indicated in Fig. 1 . The use of a PEOS to eliminate prepulse and to sharpen the current risetime has led to improved plasma uniformity in argon and neon implosions. Diagnostics are mounted around the vacuum chamber to view radially the imploded plasma. The location of the following diagnostics is shown in a photograph of the front end of Gamble I1 (Fig. 2) . The diagnostics include: 1) filtered x-ray pinhole cameras for time integrated images of the implosion, 2) filtered x-ray diodes (XRD's) for intensity and time history measurements, 3) convex-curved crystal spectrographs to collect x-ray spectra in the 4-14 A region, and 4) a l-m grazing incidence spectrograph to record 500-40 eV A) XUV spectra. A fast closure valve is used as a debris shield for the grazing incidence spectrograph. Filtered XRD's were used to record X-ra emission in selected spectral regions. 13
For argon implosions an Al-cathode XRD filtered with 0.7-pm Ti was used to measure L-shell emission from 0.25 to 0.46 keV (Fig. 3) . This filter was also used on a pinhole camera with Kodak 101-05 film to record L-shell images of the -- emission. This emission was recorded through a 10-pm-thick Be window and a 0.25 mm spatial slit positioned perpendicular to the axis of the plasma column. Spectra were recorded on Kodak direct exposure film (DEF) for which the film response is known. l9 Integral reflection coefficients of the crvstal were computed from a model for the curved KAP crystal2' and taken from published values for mica.21 Spectral Fig-4 . Pinhole images of argon ~lasma. traces were digitized with a scanning microdensitometer and processed by computer to yield x-ray intensities. XW spectra collected with the grazing incidence spectrograph were recorded on uncalibrated Kodak type 101-01 film. The scans are presented as film density traces. To aid in the identification of spectral lines, atomic structure calculations were performed with a code from the Los Alamos National Laboratory. 22 Besides, argon and neon transitions have been observed and classified for example in the early work by Peacock et using a plasma focus device and more recently by a group at the Imperial College in London using a gas puff device. (A.E. Dangor, private communication)
I11 -RESULTS
A. Argon Plasma Pinhole images of the argon L-shell plasma emission shown in Fig. 4 were collected with and without the PEOS near the optimum gas filling pressure of 55 psiA (see Fig. 3 ). Images recorded without the switch (Fig. 4-upper) show considerable flaring and large emission diameters (>l cm) along the interelectrode gap. An axial channel of intense emission, about 1 mm in diameter is observable in the upper image of Fig.  4 . Discharges with the PEOS produce narrow, more uniform images of Ar Lshell emission (Fig. 4 bottom image ).
An absence of Ar K-shell emission was noted in shots with the PEOS operated with gas loadings near or above the optimum pressure for Ar L-shell emission. The observable plasma length for argon implosions both with and without the PEOS was about 3.5 cm. The Ar K-shell emission, which is maximum for a gas filling pressure of about 15 psiA, is an order of magnitude less intense chan the maximum L-shell emission.
The grazing incidence spectrograph was used to record the argon L-shell spectra in order to identify the stages of ionization formed in argon implosions. A technique which used neon as a tracer in argon was developed to determine the temperature of imploded argon plasmas. Spectra of argon implosions with 5% and 1% neon tracers were collected with a curved KAP crystal spectrograph. Figure  7 shows the argon K lines diffracted by the 001, 002, 013, and 014 planes in KAP. The plasma-to-spectrograph distances were 150 and 100 cm for the 5% registered, in the 9-12 A region, copper L-lines from the brass nozzle (cathode). As the gas filling pressure was varied between 15 and 60 psiA, the neon La/Hea lfne intensity ratio was found to vary from 0.26 to 1.1. The imploded argon plasma temperatures were estimated between 200 and to 350 eV. These temperatures are significantly higher than needed for Ne-like Ar production but are consistent with the ionization stages identified in the grazing incidence spectrum. A narrow space-resolving slit was not used to collect these spectra in order to record readable neon a and P lines.
B. Neon Plasma Spatially-resolved spectra were collected to study and measure the x-ray line emission in neon gas implosions. Time-integrated spectra were recorded on DEF film using both curved KAP and curved mica diffraction crystal spectrographs and the derived spectral intensities were used to determine plasma conditions. Spectra were acquired for machine currents of 1.0 -1.5 MA with and without a PEOS using the largest diameter (2.5 cm) nozzle. Data were also acquired for neon plasma implosions generated using smaller nozzles and no switch. Pinhole images record a plasma column of 3.5-4 cm length.
Neon spectra were processed to obtain integrated line intensities. Figure 8 shows the neon plasma spectral intensity for two typical shots. The integrated line intensities obtained for both shots are comparable within a factor of two and the total yields are similar except that more continuum emission (bremsstrahlung) occurs in the shots without the PEOS; also the spectral lines are noticeably narrower when the 850 1000 1150 1300 ENERGY (ev) PEOS is used. The most pronounced feature of neon plasma emission, for both shots, is that most of the line radiation, i.e., at least 90%, is contained in both a lines. Neon implosions yield high radiation emission and, under the appropriate machine conditions, uniform plasmas. In shots without the PEOS, we measured energies of 2 to 3 kJ due to K-shell line radiation into 4s from the whole neon plasma column. The total radiated energy was 4-5 W. The use of the PEOS significantly reduces the plasma column diameter and improves the plasma uniformity. The factor of two intensity difference between the traces in Fig. 8 is related to the difference between peak currents; the latter was about 30% less in the shot with the PEOS.
Improved implosion stability and plasma uniformity is observed in neon gas implosions generated with the PEOS or with a smaller diameter nozzle. This insight was gained from the degree of plasma flaring or pinching in pinhole images and from spatial variations of a line intensities. With the largest diameter (2.5 cm) nozzle and no switch the La/Hea line ratio decreased from around 1.0-1.3 near the cathode to nearly unity at midgap, and to about 0 . 3 near the anode. With the PEOS, this ratio was about 1.1 with a uniformity of + 30% across the entire interelectrode -gap. Without the PEOS, but with a smaller diameter nozzle (1.75 cm), the plasma uniformity improved. In this case the a-line ratio varied from 1.0 to 1.3 near the cathode to a value of 0.7-0.8 near the anode. As shown in pinhole images (Fig. 9 ) the plasma flaring is reduced with the smaller nozzle.
C. Sodium Plasma A capillary discharge source has been developed to produce a plasma from solid dielectric materials such as sodium fluoride. A small capacitor bank generates a discharge along the interior wall of a NaF capillary tube and the generated plasma is injected axially, through a 2 cm diameter nozzle, into the 4 cm electrode gap of Gamble 11. (1.2 MA current) This plasma implodes and emits x-rays about 100 nsec after the beginning of the current pulse. This xray emission was recorded with pinhole cameras, x-ray diodes, and crystal spectrographs. The pulse duration, (FWHM) , as recorded by an aluminum filtered XRD detector is 20 nsec for this K-shell radiation. Pinhole images indicate that the imploded plasma fills the 4 cm interelectrode gap.
The NaF spectrum was collected with moderate resolution using the mica crystal spectrograph with spatial resolution. Figure 10 shows the sodium K-shell radiation (above 1 keV) from a typical NaF spectrum obtained with this instrument. The spectra were processed to obtain the sodium line intensities from which plasma conditions and uniformity could be estimated. The fluorine emission below about 900 eV was absorbed strongly by the 10 pm Be window on the spectrograph and only F IX higher Rydberg transitions were recorded. A few Cu L-lines were observed originating from the brass nozzle of the capillary discharge. The Na X and Na XI a-lines dominate the spectra in the same manner as in the neon gas puff spectra.
The sodium a transitPons were recorded siniultaneously with high resolution using the second-order diffraction from a curved KAP crystal spectrograph. A typical spectrogram is shown in Fig. 11 . A narrow slit was used to provide spatial resolution along the axis of the NaX Ib i i discharge.
implosion. The spectral line shapes can Appropriate configurations and be correlated to the plasma diameter and conditions can produce uniform therefore exhibit some resemblance with implosions of several cm in length. The the pinhole images (see Fig. 11 ).
plasma uniformity and stability can be improved by decreasing the risetime of PINHOLE h% L,
Heg the current during the implosion and by adjusting the diameter of the gas-puff nozzle. Argon is efficiently imploded with 1-MA driving currents, but is overheated and ionized well beyond the Ne-like argon stage that is desired for x-ray laser experiments; therefore, with an independent measurement of 25 GW obtained with a Ge-filtered x-ray diode.
IV -CONCLUSIONS Imploding plasmas driven by pulsed power generators are found to be efficient emitters of keV energy x-rays for both the gas puff and the capillary discharges studied in this work.
higher atomic number elements, e.g., iron or chromium are indicated for future work. Implosions of sodium plasmas using a capillary-discharge source have produced an intense pump source of 11.0 A photons appropriate for Na/Ne line coincidence x-ray laser experiments.
